Male germ cells undergo dynamic epigenetic reprogramming during fetal development, eventually establishing spermatogonial stem cells (SSCs) that can convert into pluripotent stem cells. However, little is known about the developmental potential of fetal germ cells and how they mature into SSCs. We developed a culture system for fetal germ cells that proliferate for long periods of time. Male germ cells from embryos 12.5-18.5 days postcoitum could expand by glial cell line-derived neurotrophic factor, a self-renewal factor for SSCs. These cells did not form teratomas, but repopulated seminiferous tubules and produced spermatogenesis, exhibiting spermatogonia potential. However, the offspring from cultured cells showed growth abnormalities and were defective in genomic imprinting. The imprinting defect persisted in both the male and female germlines for at least four generations. Moreover, germ cells in the offspring showed abnormal histone modifications and DNA methylation patterns. These results indicate that fetal germ cells have a limited ability to become pluripotent cells and lose the ability to undergo epigenetic reprogramming by in vitro culture.
INTRODUCTION
Germ cells are a unique cell type that can transmit genetic information to the next generation. Following the specification of primordial germ cells (PGCs) from epiblast cells at around 7.0 days postcoitum (dpc), extensive epigenetic reprogramming occurs, and various changes in histone modification are observed [1] . For example, PGCs substantially increase the levels of histone H3-lysine 27 trimethylation (H3-K27me3), a repressive modification for gene expression, at 8.5-9.0 dpc, whereas they transiently increase the levels of H3-K4 methylation, a modification with transcriptionally active chromatin, upon their entry into the genital ridge around 10.5 dpc [2] . Whereas female germ cells enter into meiosis, male germ cells proliferate as gonocytes, and eventually arrest in the G0/G1 stage of the cell cycle after 16.5 dpc. This period coincides with the acquisition of androgenetic DNA methylation; remethylation of imprinted genes begins around 15.5 dpc [3] [4] [5] . Moreover, methylation in repetitive elements, such as intracisternal A particle (Iap) and L1 repetitive element (Line1), also begins during this period [5, 6] . Finally, at around 3-5 days after birth, spermatogonial stem cells (SSCs), which comprise a subpopulation of spermatogonia, acquire the ability to self-renew and initiate spermatogenesis [7, 8] . SSCs depend on glial cell line-derived neurotrophic factor (GDNF) for self-renewal division [9] , and support spermatogenesis throughout life. Nevertheless, changes in DNA methylation and histone modification continue postnataly [3, 10] , and expression of chromatin modifiers, such as Ezh2 or Mll2, are found in the postnatal testis [10] [11] [12] , suggesting their involvement in spermatogenesis.
In 2003, we described a culture system for expanding male germ cells. Germ cells from postnatal testis formed colonies of unique shape in the presence of GDNF [13] . These cells produce spermatogenesis when they are transplanted in the seminiferous tubules, but do not contribute to chimeras when they are microinjected into blastocysts. In contrast, embryonic stem (ES) or embryonic germ (EG) cells from 8.5-12.5-dpc PGCs form teratomas in the seminiferous tubules, but can contribute to chimeras. Based on these properties, we designated these cultured SSCs as germline stem (GS) cells to distinguish them from ES/EG cells. Although SSCs were thought to be fully committed to the germline lineage, subsequent studies revealed that they could also convert into multipotent GS (mGS) cells that are similar to ES/EG cells [14] . These cells can produce somatic cells, as well as germ cells [15] [16] [17] [18] [19] . However, the frequency of mGS cell development is very low (;1 out of 35 testes). Because PGCs from midgestation embryos can produce EG cells at higher frequency [20] , it is likely that developmental potential of fetal germ cells become restricted during late gestation, which may reflect the changes in the DNA methylations and histone modifications as PGCs/gonocytes mature into SSCs. However, due to a lack of an assay system, little is known about their developmental potential and whether germ cells in the fetus can give rise to GS or mGS cells.
In this work, we attempted to study the developmental potential of fetal germ cells by culturing male germ cells from embryos 12.5-18.5 dpc in vitro. Although we were able to establish self-renewing GS-like stem cells with SSC activity, some of the offspring had abnormal genomic imprinting patterns, which were heritable to subsequent generations.
MATERIALS AND METHODS

Culture Conditions
Cells were collected from germ cell-rich tissues by dissection of the posterior thirds of embryos 8.5 dpc, the mesenteries of embryos 10.5 dpc, and the genital ridges of Institute of Cancer Research (ICR) male embryos 12.5-18.5 dpc (Japan SLC, Shizuoka, Japan). For identifying male gonads before 12.5 dpc, the sex of embryos was determined using genotyping based on the Uba1 PCR method [21] . In later stages, male embryos were identified by characteristic gonad morphology. The culture was initiated as described previously [22] , using StemPro-34 SFM (Invitrogen, Carlsbad, CA). The growth factors used were 20 ng/ml mouse epidermal growth factor (BD Biosciences, Franklin Lakes, NJ), 10 ng/ml human FGF2 (BD Biosciences), 15 ng/ml recombinant rat GDNF (R&D Systems, Minneapolis, MN), and 0.04% fetal calf serum (FCS) (JRH Biosciences, Lenexa, KS). After three to four rounds of passage, the culture medium was changed to GS cell culture medium [13] . The cells were electroporated with pCAG-EGFP2, which carried a neoresistant gene [23] . Control GS cells were established from a 6-wk-old adult ICR mouse, as previously described [15] .
Antibodies
The primary antibodies used to characterize the cell surface phenotype were monoclonal rat anti-human ITGA6 (CD49f; GoH3, cat. no. 33771A, lot MO38407, 1:50 dilution), monoclonal biotinylated hamster anti-rat ITGB1 (CD29; Ha2/5, cat. no. 555004, lot 46846, 1:50 dilution), monoclonal rat anti-mouse TACSTD1 (EpCAM; G8.8, cat. no. 552370, lot 46846, 1:50 dilution), biotinylated monoclonal rat anti-mouse CD9 (KMC8; cat. no. 558749, lot 24955, 1:50 dilution), allophycocyanin (APC)-conjugated monoclonal rat anti-mouse KIT (2B8; cat. no. 553356, lot 56769, 1:50 dilution) (all from BD Biosciences), and monoclonal rat anti-mouse FUT4 (SSEA-1; MC-480; cat. no. MAB4301, lot 23090761, 1:100 dilution; Chemicon, Temecula, CA). The primary antibodies used to characterize the histone modification patterns were rabbit anti-monomethyl-histone H3-lysine 27 (H3-K27me1; cat. no. 07-448, lot 24439, 1:100 dilution), rabbit anti-H3-K27me3 (cat. no. 07-449, lot DAM1387952, 1:100 dilution), rabbit antitrimethyl-H3-K9 (H3-K9me3; cat. no. 07-442, lot JBC1361819, 1:100 dilution), and rabbit anti-monomethyl-H3-K4 (H3-K4me1; cat. no. 07-44936, lot 30218, 1:100 dilution). Rabbit anti-human CTCF (cat. no. 07-729, lot 30504, 1:1000 dilution) (all from Upstate Biotechnology, Lake Placid, NY) was also used for Western blotting.
Transplantation
To examine the SSC potential, cells were transplanted into WBB6F1-W/W v (W) mice (5-10 days old; Japan SLC) by the germ cell transplantation technique [24] . W mice lack all stages of differentiating germ cells [25] , and are capable of generating spermatogenesis from transplanted SSCs [24] . Approximately 2 ll of cell suspension (6 3 10 4 cells) was introduced into the seminiferous tubules of a W testis through efferent duct. The recipient animals were administered hybridoma supernatant containing 50 lg anti-CD4 antibody (GK1.5) intraperitoneally on Days 0, 2, and 4 after transplantation to induce tolerance to the allogeneic donor cells [26] . The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Flow Cytometry
To characterize the cell surface phenotype of the cultured cells, flow cytometry was performed, as described previously [18] . APC-conjugated goat anti-rat IgG (cat. no. 551019, lot 42257, 1:40 dilution), APC-conjugated streptavidin (cat. no. 554067, lot 42255, 1:40 dilution) (both from BD Biosciences), and Alexa Fluor 633-conjugated anti-mouse IgM (cat. no. A21046, lot 53905A, 1:200 dilution; Molecular Probes, Eugene, OR) were used as secondary antibodies. Control cells were not treated with secondary antibodies or APC-conjugated anti-KIT antibody. The stained cells were analyzed using the FACS-Calibur system (BD Biosciences), and 10 000 events were collected.
Microarray
To examine the genome-wide gene expression profile, total RNA samples were extracted by using TRIzol solution (Invitrogen) and purified by the RNeasy cleanup system (QIAGEN, Valencia, CA). All hybiridization and scanning of GeneChips were conducted by the Biomedical Department of Kurabo Industries Ltd. (Osaka, Japan) according to the GeneChip Expression Analysis Technical Manual (701021, Rev. 5; Affimetrix, Santa Clara, CA). In brief, 2 lg of RNA for each sample was processed and used for hybridization onto Affymetrix whole-genome 430 2.0 GeneChips (Affimetrix) without amplification. After hybridization, the microarray was washed and stained on a fluidics station 450 (Affimetrix), and then scanned with a GeneChip Scanner 3000 (Affimetrix). The data were analyzed according to GeneChip Expression Analysis Data Analysis Fundamentals using GeneChip Software v1.4 (Affimetrix). The data from each chip was scaled to a target signal intensity of 500. The number of probe pairs meeting the default discrimination threshold (s ¼ 0.015) was used to assign a call of absent, present, or marginal for each assayed gene. The Wilcoxon signed rank test was used in comparison analysis to derive biologically meaningful results from the raw probe cell intensities under expression analysis. Fold changes (signal log ratio) were calculated by Log 2 (signal intensity of experimental array:signal intensity of baseline array) using a one-step Tukey biweight method by taking a mean of the log ratios of probe pair intensities across the two arrays. Scatter plot analysis of the simple comparison between embryonic GS (eGS) cells and GS cells was performed with DNA microarray viewer software (Kurabo Industries). Through the filtering of data with over 4-fold increase and/or decrease, 387 upregulated genes in eGS cells and 664 downregulated genes in eGS cells were selected (the top 100 genes in each is listed in Supplemental Tables 1 and 2 available at www.biolreprod.org).
Real-Time PCR
For the expression analysis of potential epigenetic modifiers, all transcript levels were normalized to those of hypoxanthine phosphorybosyl transferase 1 (Hprt1) to make quantitative comparisons between different samples using the StepOnePlus Real-Time PCR system and Power SYBR Green PCR Master Mix (Applied Biosystems, UK). The PCR conditions were 958C for 10 min, followed by 40 cycles at 958C for 15 sec, 608C for 1 min, and 728C for 12 sec. The experiments were performed on two independent samples. Each PCR was run in triplicate. Quantitative expression analysis of H19 and Snrpn was carried out as previously described [27] . All primers used in PCR are listed in Supplemental Table 3 .
Western Blot Analysis
To determine protein expression levels, samples were separated by SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Hybond-P; Amersham Biosciences, Buckinghamshire, UK). The primary antibody was detected by peroxidase-conjugated anti-rabbit IgG antibody (cat. no. 70704, lot 16, 1:1000 dilution; Cell Signaling Technology, Danvers, MA).
Combined Bisulfite Restriction Analysis and Bisulfite Sequencing
Because manipulation of germline cells can induce abnormal imprint patterns in the offspring [28] , we used bisulfite restriction analysis (COBRA) to examine the DNA methylation patterns. For COBRA, purified genomic DNA (1 lg) was treated with a sodium bisulfite solution, and incubated at 508C for 4 h for the conversion of unmethylated cytosine to uracil. After removal of bisulfite by isopropanol precipitation, bisulfite-treated DNA was desulphonated by 0.2 M NaOH. DNA was collected by ethanol precipitation and used for PCR. Amplified PCR products by specific primer sets were digested with the indicated restriction enzymes, which had recognition sequences containing CpG in the original, unconverted DNA. Bisulfite sequencing was carried out as described previously [27] . The PCR primers used in the experiments are listed in Supplemental Table 3 .
Chromatin Immunoprecipitation Assay
To analyze the association of proteins with specific DNA regions, we performed the chromatin immunoprecipitation (ChIP) assay with slight modifications [29] . In brief, cells were cross-linked with 1% formaldehyde for 10 min at 378C. After quenching the reaction with 250 mM glycine, the fixed cells were rinsed with lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 0.5% NP40, pH 7.5) containing protease inhibitors cocktail (Nakalai Tesque, Kyoto, Japan). The cells were suspended in 100 ll SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0) and 400 ll ChIP dilution buffer (1% Triton-EMBRYONIC GERMLINE STEM CELLS X100, 1 mM EDTA, 150 mM NaCl, 15 mM Tris-HCl, pH 8.0) and sonicated to an average fragment size of 200-1000 bp. Solubilized chromatin was clarified by centrifugation for 5 sec at 13 000 rpm at 48C, and diluted 10-fold in ChIP dilution buffer. The diluted chromatin was incubated with the specific antibodies described above at 48C for 12-16 h. Immune complexes were bound to 40 ll of prewashed Dynabeads (M-280 Sheep anti-Rabbit IgG, cat. no. 112.03D, lot H54800; Invitrogen Dynal AS, Oslo, Norway) at 48C for 1 h with rotating. The beads were washed once with low-salt wash buffer (0.1% SDS, 1% Triton-X100, 2 mM EDTA, 50 mM NaCl, 20 mM Tris-HCl, pH 8.0), highsalt wash buffer (0.1% SDS, 1% Triton-X100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris-HCI, pH 8.0), LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0) at 48C for 5 min with rotating, and twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) without rotating. After the final wash, 300 ll of elution buffer (20 mM TrisHCl, 10 mM EDTA, 5 M NaCl, 0.5% SDS, pH 8.0) was added, and beads were incubated at 658C overnight to reverse the formaldehyde crosslinking. Immune complexes bound to Dynabeads were treated with RNase A at 378C for 30 min and proteinase K at 568C for 2 h, extracted once with phenol/chloroform, and the DNA was precipitated with ethanol plus glycogen. Pellets were resuspended in 20 ll of water, and DNA was analyzed by real-time PCR using specific primers (Supplemental Table 3 ). Normal rabbit IgG (cat. no. 07-449, lot DAM1387952, 1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) was used for background precipitation. Values were corrected for background levels of precipitation at the different loci analyzed. The experiments were performed on three independent chromatin preparations; each PCR was run in triplicate.
Microinsemination
Germ cells were collected mechanically from tubule segments with enhanced green fluorescent protein (EGFP) fluorescence. To produce offspring from a small number of germ cells, microinsemination was performed as described previously using round spermatids or spermatozoa [30] . These cells were microinjected into C57BL/6 3 DBA/2 F1 (B6D2F1) oocytes. Embryos that reached the four-cell stage after 24 h in culture were transferred to the uteri of ICR recipient females. The presence of the transgene was determined by PCR using specific primers (Supplemental Table 3 ). Offspring were subsequently backcrossed to wild-type ICR mice. Body weights were monitored every 4 wk. For allelic analysis, testicular sperm from an F1 male (hybrid between ICR and B6D2F1) was microinjected into oocytes from JF1 [31] . The control animals for growth test or allelic analyses were made by natural mating of an ICR female with a B6D2F1 male or a JF1 3 B6 F1 male, respectively.
Allele Expression Analysis
To distinguish parental alleles, allele expression analysis was carried out, as previously described [32] . Polymorphism of H19 was detected by restriction fragment length polymorphism. Total RNA extraction, cDNA synthesis, and RT-PCR were performed as described previously [27, 32] .
Statistical Analyses
The chi-square test was used to analyze embryo development. We used the F-test to determine significant differences in variance in body weights. In some cases, the Student t-test for independent samples with unequal variance (Satterthwaite methods) was used for data of unequal variance. All other results were analyzed by the Student t-test for independent samples with equal variance.
RESULTS
Derivation of eGS Cells from Fetal Germ Cells
We initially used GS cell culture medium for inducing germ cell growth. Tissues containing PGCs or gonocytes from different stages of embryos were dissociated and cultured in vitro. However, we were not able to observe proliferation of germ cells, and somatic cells often proliferated actively and overwhelmed germ cells. We therefore improved the culture conditions by reducing the FCS concentration from 1% to 0.04% [22] . Although PGCs from embryos 8.5 dpc did not respond to GDNF, we could induce proliferation of germ cells from embryos 12.5 dpc or later stages. Although very limited growth was observed in the culture initiation, these cells started to proliferate in a log scale after removal of somatic cells by repeated passages on laminin-coated plates. For example, gonocytes from the embryos 13.5 dpc grew only 33-fold during the 100 days immediately after establishment, but they grew 1700-fold during the same period in the later phase (Supplemental Fig. 1A ). When the cells were transferred on mouse embryonic fibroblasts for expansion, germ cell colonies from eGS were morphologically indistinguishable from GS cells established from postnatal testes (Fig. 1, A and B) . These results were reproducible, and similar cultures were established from more than 10 different experiments using embryos 12.5-18.5 dpc. We did not notice a significant difference in the growth rate of cells collected from the different stage fetuses.
Although the initial slow growth of eGS cells suggested that the fetal germ cells might have been maturing in vitro, we occasionally observed abnormal colonies during this period. For example, while most eGS cells largely resembled GS cells from postnatal testis, some showed chain-like colonies during the culture initiation period (Fig. 1C) . However, these cells disappeared after subsequent passages. ES-like cells appeared only in one case out of 20 cultures from gonads of 14.5-dpc embryos (Fig. 1D) . The pluripotency of these cells was confirmed by their teratoma-forming potential when they were transplanted subcutaneously (data not shown). The addition of KITL, which promotes EG cell derivation [33, 34] , did not promote eGS or ES-like cell development. We did not find any ES-like cells after additional culture of eGS cells; we were not able to derive similar cultures from female embryos.
Abnormal DNA Methylation and Body Weight in the F1 Offspring
To analyze developmental potential, we transplanted eGS cells from 12.5-, 13.5-, and 17.5-dpc embryos into the seminiferous tubules of 18 W mice that did not have endogenous spermatogenesis. While ES/EG/mGS cells produce teratoma, GS cells can produce spermatogenesis in the seminiferous tubules [14] . In one of the transplantation experiments, we introduced a donor marker by transfecting eGS cells from 13.5-dpc embryos with an EGFP-expressing plasmid. At 3 mo after transplantation, all types of donor cells produced spermatogenesis. The EGFP-expressing eGS cells produced colonies of germ cells showing fluorescence, which demonstrated that they have SSC activity (Supplemental Fig.  1B ). Histological analysis confirmed normal spermatogenesis in recipients that received donor cells (Supplemental Fig. 1C) . No evidence of teratoma formation was found in these transplantation studies. These results clearly show that eGS cells are unipotential.
To examine whether the donor-derived spermatogenic cells are fertile, we used microinsemination. Seminiferous tubules of the recipient animals were dissociated mechanically by repeated pipetting. Round spermatids, as identified by a small round nucleus with a uniquely shaped chromatin mass, from the recipient testes were microinjected into oocytes (Supplemental Fig. 1D ). We conducted a total of four microinsemination experiments using different kinds of cells, including fresh gonocytes from embryos 13.5 dpc. In total, 515 embryos were constructed and 76 offspring were born (Table 1) . In experiments with EGFP-transfected eGS cells, 6 of 18 weaned offspring (three males and three females) were transgenic (Supplemental Fig. 1E ).
Because the manipulation of germline cells can induce abnormal imprint patterns in the offspring [28, 35] , we used COBRA to examine the DNA methylation patterns of paternally imprinted H19 and maternally imprinted Snrpn. Of the several tested stages, COBRA revealed abnormal DNA EMBRYONIC GERMLINE STEM CELLS methylation in offspring derived from eGS cells from embryos 12.5 and 13.5 dpc. One of the placentas derived from the former had hypermethylation in Snrpn differentially methylated region (DMR), but no abnormal DMR methylation was found in the tail DNA of the offspring (Fig. 1E) . However, 3 of 18 offspring derived from the latter had hypermethylation in both H19 and Snrpn DMRs in the tail DNA (Fig. 1F) , suggesting abnormal DMR methylation of the oocytes. Bisulfite sequencing analysis confirmed hypermethylation in both H19 DMRs in Male 7 and Snrpn DMRs in Female 10 ( Fig. 1G ), but no abnormalities were found in repetitive genes (Supplemental Fig. 2 ). In agreement with these observations, some offspring from eGS cells from embryos 13.5 dpc had abnormal body weight after weaning (Supplemental Fig. 1, F and G). Although Male 7, having hypermethylated H19 DMR, appeared normal, Females 2 and 10, with hypermethylated Snrpn DMR, were significantly smaller (Supplemental Fig.  1G ). Interestingly, whereas F1 male offspring were heavier than controls, F1 females had variable weights, and some animals were significantly larger or smaller than controls. We did not find abnormalities in offspring from embryos 17.5 dpc (Fig. 1H) .
Epigenetic Abnormalities in eGS Cells
These abnormalities in the offspring suggested that eGS cells are functionally different from GS cells from postnatal animals. The defect is likely due to in vitro culture, because we did not observe abnormal DNA methylation in offspring produced by transplantation of fresh gonocytes from embryos 13.5 dpc (Fig. 1I) , which confirms our previous observation that fetal germ cell transplantation produces offspring with normal imprinting [36] . We chose to study 13.5-dpc eGS cells because of the high frequency of abnormal DMR methylation. Although flow cytometry did not show marked differences between eGS cells from embryos 13.5 dpc and GS cells ( Fig.  2A) , preliminary microarray analysis showed significant differences in the gene expression profiles (Supplemental Tables 1 and 2 ). The eGS cells generally expressed proliferation markers, such as Ccnd2 or Myc, more strongly, whereas GS cells more strongly expressed markers that are implicated in self-renewal, such as Neurog3 or Zbtb16 (Fig.  2B) . The differential expression was confirmed by real-time PCR analysis (data not shown). We also noticed some differences in the gene expression of potential histone epigenetic modifiers, including Chaf1a, Ezh2, and Suz12 (Fig. 2C) . Interestingly, although Ctcf mRNA was more strongly expressed in eGS cells than in GS and ES cells, no protein was found in eGS cells (Fig. 2D) .
Despite the difference in gene expression profile, when DNA methylation patterns in imprinted genes were analyzed by COBRA, no differences were found between GS and eGS cells. The DMRs of two paternally imprinted regions (H19 and 
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Meg3 IG) were methylated, and those of three maternally imprinted regions (Igf2r, Peg10, and Snrpn) were unmethylated in both cell types (Fig. 2E) . This pattern did not change after additional culture, indicating that eGS cells, as well as GS cells, have stable DNA methylation. Abnormal DNA methylation was found only in ES-like cells, which agrees with our observation that mGS cells have partial androgenetic imprint patterns [15] . No significant differences in DNA methylation levels were found in repetitive genes, such as Iap, Line1, short interspersed element (Sine) B1, and major and minor satellite DNA (Supplemental Fig. 2) . Nevertheless, we next performed the ChIP assay and examined the status of histone modifications because of the close relationship with DNA methylation. We found significant changes in histone H3-K9me3 and H3-K27me1 in H19 DMR of eGS cells. H3-K9me3 is a modification that specifically marks centromeric heterochromatin, whereas H3-K27me1 is preferentially present at active promoters [37] [38] [39] . However, we did not find significant difference with H3-K9 dimethylation, a modification associated with repressed genes in euchromatin (data not shown) [37] [38] [39] . Importantly, H3-K27me3, which is a modification often found on the repressed genes [37] [38] [39] , was increased in H19 DMR of eGS cells. The abnormality was also found in maternally imprinted genes, and levels of H3-K4me1, a modification associated with actively transcribed genes, were reduced in Snrpn DMR of eGS cells (Fig. 2F) . However, no significant differences were found in histone H3-K4 dimethylation (data not shown), another modification with active gene transcription [37] [38] [39] . We also did not find any of these abnormalities in eGS cells from embryos 18.5 dpc (data not shown).
Germline Transmission of Abnormal DNA Methylation
To examine whether abnormal DNA methylation is erased after germline transmission, we produced the F2 generation by mating F1 offspring with wild-type animals. The F2 offspring continued to express EGFP, but 17 of 136 (13%) offspring had aberrant DNA methylation in H19 DMR (Fig. 3A) . Variable degrees of abnormal methylation were found in not only the 
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offspring from abnormal Male 7, but also those from Male 3 with normal H19 DMR methylation, indicating that apparently normal F1 offspring can carry occult defects in germ cells. The results also suggest that regulation of DNA methylation, but not abnormal DMR methylation per se, is the primary defect in the germline. Although abnormalities in Snrpn in two F1 females were not transmitted, analyses of F3 offspring showed that the transmission of abnormal methylation in H19 DMR could also occur through the female germline. Subsequent mating of the F3 generation produced the F4 generation, also with stable EGFP expression and abnormal DNA methylation. Overall, animals with abnormal methylation increased progressively from 26% (26/99) in the F3 generation to 35% (6/ 17) in the F4 generation. The abnormal DNA methylation persisted in the germline, because GS cells from F4 males showed abnormal methylation in H19 DMR (Fig. 3B) . GS cells from one of the two males had hypomethylated H19 DMR. Moreover, F4 male-derived GS cells showed abnormalities in histone modification patterns that were similar to those observed in eGS cells from embryos 13.5 dpc (Fig. 3C) . The heterogeneity of DNA methylation in offspring suggested that sperm in eGS-derived offspring carried heterogeneous DNA methylation. However, spermatozoa from F1 Male 7 had a typical androgenetic imprinting pattern (Fig.  3D) . To distinguish the paternal and maternal alleles, we microinjected sperm from F1 Male 7 (Mus musculus domesticus) into oocytes from JF1 (Mus musculus molossinus), a wild-type Japanese mouse strain [31] . Microinsemination produced five F2 offspring. COBRA revealed demethylated H19 DMR in placentas from all five offspring (Fig. 4A) . However, when the adult animals were analyzed, only one showed methylation in H19 DMR, and no defect was found in Snrpn DMR (Fig. 4B) . We killed three offspring (two males and one female) to analyze the expression levels of H19 and Snrpn. The expression of H19 was significantly reduced in all analyzed organs of the three offspring, whereas that of Snrpn was increased only in the kidneys (Fig. 4C) . Polymorphic allelic analysis showed monoallelic maternal expression of H19 in all placentas despite demethylated DMR (Fig. 4D) . The discrepancy between H19 expression and DMR methylation was similarly found in liver and kidney. For example, Male 1 showed monoallelic H19 expression despite hypomethylated DMR. Moreover, although Male 2 showed relatively normal methylation in somatic cells, hypomethylation of the maternal allele was found in sperm DNA, indicating that the abnormality in the male allele influences methylation levels in the maternal allele (Fig. 4E) .
DISCUSSION
It has been suggested that fetal germ cells may remain in postnatal testes and give rise to ES-like cells [40] . However, little is known about the growth requirement and developmental potential of fetal germ cells. This is due, in part, to the lack of in vitro culture systems to study their characteristics. Although much progress has been made in the culture of postnatal spermatogonia, the culture of fetal germ cells has met with limited success.
In this study, we attempted to culture fetal germ cells to examine their biological characteristics. Because SSCs in the postnatal testis depend on GDNF for self-renewal, and this factor is expressed in the fetal gonad [41] , we hypothesized that GDNF might act similarly on putative SSC precursors for inducing self-renewal division. Indeed, although the cells grew very slowly in the initial phase, fetal germ cells eventually responded to GDNF and gave rise to GS-like cells, which we designated as eGS cells. The eGS cells showed similar features to GS cells from postnatal testes, including their morphology and the spermatogenic potential. However, unlike EG/mGS cells, they were unipotent and produced spermatogenesis. Moreover, none of the offspring that received eGS cell transplantation had teratomas. Although we found one case of ES-like cell development in vitro, the frequency of ES-like cell development was still very low. This agrees with previous observations that germ cells from later stages of development are resistant to dedifferentiation [20] . We also showed that, whereas transplantation of PGCs from 8.5-dpc embryos produced teratomas, gonocytes from embryos 13.5 dpc or later stages produce sperm in the seminiferous tubules [36] . Although in vitro culture may enhance the frequency of ES-like 524 cell development, it is still lower than that of EG cell development. Therefore, the frequency of conversion into ES-like cells seems to decrease once PGCs mature into gonocytes. Identification of additional factors is necessary to improve the frequency of mGS cell development from gonocytes or SSCs.
Because of the morphological and phenotypic similarities between GS and eGS cells, we initially expected that eGS cells would behave like GS cells. Indeed, they started spermatogenesis after germ cell transplantation, and did not show any teratomas. Since gonocytes from embryos 13.5 dpc have a limited ability to repopulate seminiferous tubules [42] , we assumed that fetal germ cells successfully matured into SSCs in vitro. Because we never observed any abnormalities in offspring derived from GS cells [43] , the abnormal DNA methylation in the F1 generation was unexpected. One of the potential causes of abnormal imprinting was in vitro microinsemination. Although it is well known that somatic nuclear transfer causes epigenetic defect [44] , no such defects have been reported in the offspring after round spermatid injection [32, 45] . In addition, no abnormalities were found in offspring derived from fresh PGC or gonocyte transplantation using microinsemination [36] . Embryo culture also influences DNA methylation [28] , but the defect occurred only with eGS cells, despite the fact that all embryos produced from gonocyte or GS cell transplantations were cultured during microinsemination in the same manner. Given that many dynamic changes in the DNA methylation occured when gonocytes were harvested for eGS cell derivation, we rather speculate that the defect, in our case, was most likely caused by in vitro culture: it is possible that subtle changes in the microenvironment of gonocytes interfered with the DNA methylation process, which coincided with culture initiation [3] [4] [5] . Interestingly, abnormal methylation was observed only in DMRs of imprinted genes, but not in Iap or Line1. Although methylation of imprinted genes and repetitive elements starts around the same developmental period [3] [4] [5] [6] , defective DMR methylation suggests that it is under a different regulation from that of Iap or Line1.
The transmission of abnormal DNA methylation further suggests that eGS cells have a different epigenetic regulation mechanism from those in embryos or ES cells. Whereas epigenetic changes in the latter are dynamic and eventually erased during germline transmission [1, 28, 35, 46] , methylation patterns of eGS cells were stable in vitro, but changed dynamically in their offspring (Fig. 3) . Although epigenetic inheritance may occur by several mechanisms [47] [48] [49] , DMR methylation in imprinted genes is normally erased during germline transmission. Therefore, it seems that fetal germ cells matured into functional SSCs and produced sperm, but that they failed to acquire the ability to undergo epigenetic reprogramming during germline development. Abnormal DNA methylation was similarly found in SSCs from F4 offspring, suggesting that the defect is irreversible.
Although we currently do not know the mechanism of abnormal epigenetic inheritance, the abnormal histone modification patterns and changes in the expression of chromatin modifiers in eGS cells strongly suggest that the defective imprinting, in our case, was caused by abnormal histone modifications. We expected that aberrant binding of CTCF to DMRs induced abnormal DNA methylation, but the absence of CTCF protein in eGS cells suggests that it occurs by a different mechanism. Indeed, histone modification has been suggested to be the more ancient imprinting system, and that DNA methylation evolved later to maintain imprinting [50] . Many abnormalities in histone modifications were found in eGS cells, and this probably modified abnormal chromatin structures in eGS cells. Recent work on the function of histone modifications suggests important roles of chromatin modifiers in various aspects of biological processes. For example, EZH2 complexes with SUZ12, and is essential for ES cell derivation and implicated in the early events of imprinted X-inactivation by methylating histone H3-K27 [51] . The upregulated expression of proliferation-related markers may be due to the higher expression of Ezh2, which can stimulate cell proliferation [51] . Likewise, SUV39H-mediated trimethylation of H3-K9, or MLL complex-mediated methylation of H3-K4, have been implicated in heterochromatin generation or active gene transcription, respectively [37, 52] . The roles of these chromatin modifiers in eGS cells are apparently important subjects of future study. It will also be interesting to examine whether or not these chromatin modifiers are under the control of self-renewal machinery in eGS cells. Perhaps gonocytes with deregulated expression of these chromatin modifiers may have proliferated faster, and given rise to eGS cells.
On the other hand, although this histone hypothesis may well explain many of our findings, several questions still remain to be addressed. For example, considering that histones are replaced with protamine during spermatogenesis, one might wonder how defects in histones around specific imprinted genes could be preserved and also influence the female allele during germline transmission. However, spermatozoa retain 10%-15% of histone proteins [53] [54] [55] , which have been shown to differentially mark imprinted genes. Therefore, it is necessary to examine whether spermatozoa contain such abnormal histones. Moreover, it is unknown how the imprinting errors caused life-long overgrowth and sex-specific variations in the F1 offspring. The possibility exists that sex chromosome constitution may have influenced the imprinting of somatic cells. Therefore, abnormal histone modification per se may cause defective DMR methylation, but other additional factors are also involved in the dynamic changes in DMR methylation in the germline.
Our results also have important implications in derivation of gametes in vitro from ES cells. Our results strongly suggest that gametes produced from ES cells likely produce offspring with abnormal epigenotype. Although several groups have succeeded in the production of sperm-like cells from ES cells [56, 57] , these cells were not fertile and could not produce normal offspring. Although one group reported successful production of offspring [58] , full contribution from ES cells is being questioned [57] . Moreover, the effect of germline transmission could not be examined in that study, because the animals died prematurely. Our study demonstrates that culture of fetal germ cells not only induces abnormal DNA methylation in the offspring, but also causes irreversible defect in epigenetic reprogramming. Therefore, attempts to use fetal gametes from pluripotent stem cells in humans not only involve ethical problems, but also cause several serious problems in the offspring.
In summary, this work demonstrates the first long-term culture systems for male fetal germline cells. We found that culturing fetal germ cells induces epigenetic abnormalities, which could be transmitted to subsequent generations. The current culture technique will be useful for analyzing regulation of pluripotency and mechanisms of epigenetic reprogramming in the male germline.
